Heme oxygenase (HO), the enzyme system responsible for the conversion of heme to bilirubin, has an average activity of 0.143 ± 0.036 m/imoles bilirubin/10 mg protein/ min in fetal rat liver between 15 and 21 days of gestation, compared with 0.070 ± 0.020 in mature liver. Heme oxygenase activity increases rapidly during the first postnatal day (0.237 ± 0.078) and reaches 4 times adult rates at 1 week of age. Thereafter, activity declines to basal adult rates at weaning. Splenic HO activity is relatively low during the fetal and immediate postnatal period compared with its activity in mature animals (0.206 versus 0.790), and rises to nearly 11 times the hepatic activity in mature animals.
Introduction
Several lines of evidence suggest that relatively large amounts of heme are catabolized to bilirubin in near term fetuses and newborn infants [3, 10, 20] . In addition, blood group incompatibility is a frequent cause of severe hemolysis before and after birth. The enzymatic conversion of large amounts of heme to bilirubin in newborn infants who are deficient in eliminating the pigment results in unconjugated hyperbilirubinemia which may cause kernicterus or other toxic complications. For these reasons, the capacity of the fetus and newborn for heme catabolism is of major clinical interest.
Tenhunen, Marver, and Schmid [15] recently described microsomal heme oxygenase, the enzyme system responsible for the conversion of heme to bilirubin. In mature rats, heme oxygenase activity is greatest in liver and spleen [17] . Hepatic heme oxygenase in rats has been shown to increase following injections of hemoglobin or heme (methemalbumin) [17] , in experimental hemolytic anemia [17] , and during periods of starvation [1, 2] . This report concerns the development of heme oxygenase in fetal and newborn rat liver and spleen, the effects of starvation and refeeding on heme oxygenase activity in newborns, and the influence of maternal starvation on heme oxygenase in offspring before and after birth.
Materials and Methods
All experiments were performed on Sprague-Dawley rats. When fetuses were investigated, pregnancies were timed to within 12 hr of conception. Pregnant rats had free access to Berkeley diet laboratory chow and water. The effects of maternal starvation on the fetus were examined by fasting pregnant animals for 72 hr prior to removal of the fetuses. Newborn animals were kept with their mothers. Fasting newborns were placed in an incubator with ambient temperature maintained at 32°-34°. Fasted newborns were returned to their mothers for refeeding.
Fetuses were delivered between 15 and 21 days of gestation by cesarean section. The fetuses in each litter were counted, weighed, and killed by decapitation. The liver was removed and weighed; four-six fetal livers were pooled. Newborn rats were sacrificed at specified intervals after birth. Their liver and spleen, and maternal liver and spleen, were removed and weighed individually. All tissues were homogenized in 2-5 volumes (w/v) of 0.25 M sucrose. Postmitochondrial supernatant fluids were prepared by centrifugation at 12,000 x g in a refrigerated centrifuge. This relatively low fractionation speed was employed to avoid the loss of microsomes from immature liver [5] . Protein was determined by the method of Lowry et al. [9] .
For the assay of microsomal heme oxygenase, a Gilford Model 2000 spectrophotometer, equipped with automatic recorder and constant temperature cuvette chamber, was used. The standard reaction mixture (3.0 ml) contained postmitochondrial supernatant fluid (3-15 mg protein); hemin, 17 ^M; reduced nicotinamide adenine dinucleotide (NADPH), 180 ^M; and potassium phosphate buffer (pH 7.4), 90 HIM. In the control cuvette, NADPH was replaced by 0.1 ml of the phosphate buffer, pH 7.4. Formation of bilirubin was followed spectrophotometrically at 468 m^, the wavelength at which the pigment absorbs maximally in the incubation mixture [16] . The millimolar extinction coefficient of bilirubin at this wavelength ranges from 27.7 to 31.7 [16] . Enzyme activities were calculated from the linear portion of the spectral absorption curve. Microsomal yield was monitored with NADPHcytochrome C reductase activity in whole homogenates and postmitochondrial supernatant fluids [11] .
Results
Hepatic heme oxygenase was highly active on the 15th day of gestation, the earliest stage at which sufficient material could be obtained for examination. Fetal hepatic enzyme levels were relatively constant during later development (Fig. 1) . A rapid increase occurred during the first postnatal day, followed by a more gradual rise to a maximum at 7 days of age. Activity then began to decline, reaching basal values at weaning. During the entire developmental period from the 15th day of gestation to weaning, hepatic heme oxygenase was more active in developing liver than in the liver of mature animals.
Hepatic and splenic heme oxygenase activities before and after birth are compared in Table I . Splenic activity followed a developmental pattern which was unlike that observed in the liver. Heme oxygenase in spleen was relatively stable during the first 24 hr after birth, while activity was rising rapidly in liver. Activity in the spleen declined and activity in the liver continued to rise slowly during the 1st week of life. Thereafter, hepatic enzyme activity declined, and splenic enzyme activity increased three-to four-fold, reaching adult values at the time of weaning.
Fasting of pregnant rats between the 14th and 17th day of gestation, and between the 18th and 21st day of gestation, was associated with significantly (P < 0.05) increased hepatic heme oxygenase activities in fetuses and newborn offspring (Table II) . The spleens of newborns and mothers were not affected by fasting. Fetal spleen provided too little tissue for analysis.
In newborn rats prevented from nursing, i.e., fasting, hepatic heme oxygenase activity increased 50% in 3 hr and doubled within 6 hr when compared with fed control newborns (Table III) . Longer periods of starvation resulted in severe dehydration and death of newborn rats. When newborns starved for 3 hr were allowed to suckle, hepatic heme oxygenase declined to control values by 6 hr of age. The increase in activity during fasting and the decrease in activity which followed dietary reconstitution were statistically significant (P < 0.05). The activity of splenic enzyme remained unchanged during periods of fasting and refeeding. 
Discussion
An understanding of the enzymic mechanisms involved in bilirubin production in fetuses and newborns should clarify the metabolic processes contributing to physiologic hyperbilirubinemia of the newborn. The metabolic system which converts heme to bilirubin consists of microsomal heme oxygenase, which catalyzes the oxidation of heme at the a-methene bridge to form biliverdin, and biliverdin reductase, a soluble enzyme responsible for the reduction of biliverdin to bilirubin [16] . Inasmuch as both enzymes are present in the postmitochondrial supernatant fluid and both are NADPH-dependent, the total capacity of the pathway leading to bilirubin is tested with the standard heme oxygenase assay. However, heme oxygenase, its substrate heme, or biliverdin reductase may be limiting the stepwise conversion of heme to bilirubin. Heme oxygenase activity seems to control the rate of bilirubin production in mature rat tissues, whereas biliverdin reductase is present in great excess in adult rat spleen and liver [18] . The reductase probably does not limit bilirubin production during fetal and perinatal development, inasmuch as the final product of enzymatic heme degradation is bilirubin rather than biliverdin at all ages examined. In addition, in vitro bilirubin production is greater in immature liver compared with mature liver, and was not enhanced in mixing experiments with purified microsomal suspensions as the source of heme oxygenase and with soluble proteins from adult rat liver and spleen as the source of biliverdin reductase [19] . These observations indicate that the reductase is at least as active in fetuses and newborns as in adults, and does not seem to limit bilirubin formation during late fetal and early postnatal development.
The supply of heme, rather than heme oxygenase activity, may regulate heme catabolism in the newborn or fetus. Recent experiments have shown, however, that this is not the case in adult rats [2] . Similar information concerning heme breakdown and bilirubin formation in rat fetuses and newborns is not available. In man, the removal of erythrocytes formed early in gestation provides increasing amounts of hemoglobin for catalysis during the last stages of fetal development. Betke [3] pointed out that the shortened red cell survival time and increased blood volume in the human fetus are associated with approximately 1.5-fold rates of bilirubin production relative to body weight, compared with adults. Because heme stimulates hepatic, but not splenic, heme oxygenase activity [17] , the high fetal hepatic heme oxygenase activity compared with relatively low splenic activity may reflect substrate induction of a rate-limiting enzyme. Additional stimulation may occur in the course of erythroblastosis fetalis by exposure to large amounts of heme in utero. In such cases, the fetal liver seems capable of producing an excess of bilirubin which, in the absence of conjugating activity [6] , must be cleared by the placenta with extreme efficiency in order to prevent severe intrauterine hyperbilirubinemia.
Favorable conditions for active bilirubin formation also seem to be normally present at birth. In addition to a shortened red cell lifespan in newborns, Vest [21] has demonstrated that rates of bilirubin formation from nonerythrocyte sources were double and triple adult rates in normal newborns and premature infants, respectively. More recently, Maisels and his coworkers [10] showed that heme catabolism in newborn infants proceeded at twice adult rates. Consistent with increased rates of heme catabolism in newborn infants, heme oxygenase in the liver of rat fetuses and newborns is 2-3 times as active as in mature liver. Thus, whether enzyme or substrate is limiting, our results demonstrate that the enzymatic capacity for increased bilirubin production exists during fetal development and is enhanced further during the first 10 days after birth. In contrast to the high activity of heme oxygenase in newborn liver, glucuronyl transferase, the enzyme necessary for conjugation of bilirubin to an excretable product, is relatively inactive during the immediate postnatal period [4] . Physiologic hyperbilirubinemia of the newborn may, therefore, reflect increased production of bilirubin in an organism which is unable to excrete it.
The sudden rise in hepatic, but not splenic, heme oxygenase activity during the first 10 hr after birth suggested that nutritional changes may play a role in the rapid postnatal activation of hepatic heme oxygenase. Greengard [7] has shown that many hepatic enzymes are activated at birth by hormones responsive to hypoglycemia or fasting. Recently, Bakken et al. [1] demonstrated that glucagon and epinephrine stimulate heme oxygenase in rat liver, whereas the spleen remains unresponsive. Because the newborn liver is depleted of glycogen, hypoglycemia develops rapidly when maternal supplies of glucose are interrupted. Fasting after birth resulted in rapid enhancement of hepatic heme oxygenase activity which was reversed when the newborns were allowed to suckle (Table III) . A similar mechanism is probably responsible for the elevated activities found in fetuses and newborn offspring of rats fasted during pregnancy (Table II) .
The rapid enlargement of the enzymatic capacity for conversion of heme to bilirubin, induced by postnatal starvation, may exceed the capacity of immature systems for bilirubin disposal, leading to retention of bilirubin in blood and tissues. Infants prone to hypoglycemia, such as prematures and infants of diabetic mothers, frequently develop severe hyperbilirubinemia during the 1st week of life [8, 14] . Many reports suggest that, before early postnatal feeding became generally accepted in nurseries, jaundice was commonly observed in normal full term newborns whose first nourishment was withheld for 24 hr or longer after birth [13, 22] . Similarly, the unconjugated bilirubineniia in babies with pyloric stenosis [12] may reflect enhanced heme catabolism owing to the release of epinephrine and glucagon which follows rapid alterations in blood glucose concentrations [20] .
Summary
Microsomal heme oxygenase, the system responsible for enzymatic conversion of heme to bilirubin, was assayed in liver and spleen of adult, newborn, and fetal rats under normal conditions and during periods of starvation. The results show that the liver possesses a higher capacity for enzymatic conversion of heme to bilirubin in fetal and newborn rats, whereas the spleen is the more active in adults. Maternal starvation, and fasting of offspring after birth, enhance the capacity for bilirubin production in the perinatal period.
These observations indicate that a significant factor in jaundice of the newborn may be increased hepatic production of bilirubin, which may be further stimulated by starvation.
